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SECTION I

I NTRODUCT I ON

The increased emphasis on the maintenance and enhancement of our

environmenta'l resources in recent years has caused an eva'luation of

the effects of many of man's activit'ies on the environment. One of

these activities is the use of sa1t on the nation's highways.

From a total usage of'less than one-half million tons in the

United States in !947, the total sa1t used increased to about 6.5

million tons in the winter of 1966-1967, to about 9 m'i'llion tons in

1970-1971, and to an estimated 12 million tons in the winter of 1975-

1976 ( L,2) .

Because of the 1arge. quantities of sa1t involved, a number of

studfes have been conducteci to determine the environmenta'l effects of

salt usage for de-icing purposes. Similar'ly, Efly potential de-icing

material must be eva'luated to determine if adverse environmenta'l

effects vrou'ld occur from its use. Additiona'I1y, suitab'le procedures

and appl i cati on rates to m j nimi ze potenti a'l adverse env'i ronmenta'l

effects rnust be determined for any material that has the potential for

resulting in adverse environmental impact.

The avai'lability of large quantities of brine in the El Dorado,

Arkansas, area combined with the need for effective de-icing and dust

pailiation agents led to the investigation of the use of this brine

for beneficial purposes on prirnary and secondary roads. The br-ine

contai ns 1 arge concentrati ons of ca'l ci um, magnesi um and sodi um

cations. Thus, the calcium and magnesiun have potentiai for nit'iga-

ting the adverse effects of the sodium on vegetative 'l'ife. Additicn-
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a1'ly, the presence of substantial concentrations of calcium ch'loride

renders the brine suitable for use as a dust pailiation agent.

Pu rpose

The purpose of the investigation was to determine if the waste

brine resulting from bromine extraction operations in the E'l Dorado,

Arkansas, area is suitable for use in highway construction and main-

tenance operations. To accomplish this overa'l'l objective, several

specific objectives were defined and eva'l uated. These were to

determine: 1) the effectiveness of the brine for use in dust pa11ia-

tion activities; 2) the effectiveness of the brine for de-icing activ-

i ti es; 3 ) tne ef f ecti veness of the br"i ne as a stabi'l i zi ng agent, and

4) an assessment of the environmenta'l feasibility of brine utilization

for highway construction and maintenance operations.

Scope

The use of bri ne for dust pa1 'l i ati on was eva'l uated on an unpaved

road I ocated three mi'les southeast of Fayettevi i'le i n lJashi ngton

County, Arkansas. A static air monitorinE program v,as used to provide

the means of comparison of treateC versus untreated road sections.

A comparative study of the de-icing capability of the brine was

conducteo to eva'luate the relative rates at which various brine con-

centrations would me]t ice. Because the effectiveness of sodium

chjoride and combinations of calcium and sodium chloride as de-icing

agents has been rve'l'l documented, on'ly a comparative 'laboratory study

was neeoed. iJo attempt was made to duplicate field cond'itions in the

de-i ci ng sturiy.



The environmental effects of the brine were investigated with

respect to effects on se1ected soi'l properties, on runoff water

qual i ty, and on concrete. These studi es were conciucted i n the

laboratory. Five different Arkansas soils were used in the lysimeter

and surface runoff studies. Cyclical freeze-thaw tests were used for

evaluating the effect of the brine on concrete.





SECTION II
SUI!'IMARY OF FINDINGS AND CONCLUSiONS

The fo]'lowing findings and conc'lusions resu'lted from the research

pr0gram.

1. The waste brine from the E'l Dorado, Arkansas, area can be used

effectively as a dust palliative or de-icing agent.

?. Carefu'l application of the brine in appropriate dosages will
not significantly affect ground and surface water quality. However,

the application of large dosages or accidental spills cou'ld cause

alteration of the ground and surface water quality as well as damage

to vegetation.

3. Continuous appiication of the brine in large dosages w.ill

severely affect vegetative life and will a'lter soil properties for the

soil s testeo.

4. The presence of 'large quantities of calcium and magnesfum in

the brine renders this materia'l a much more desirable de-icing materi-

al than sodium chloride from both the maintenance of vegetation and

water qua'l i ty vi ewpoi nts .

5. The brine can be used as a soil steril izer for roadway

shoulders. However, large applicaion rates and frequent dosing would

ordinarily be required because of the presence of ca]cium and magne-

sium in the brine.

6. Comparative corrosion studfes on coated and uncoated surfaces

indicated that corrosion rates were no more significant than for an

equivalent sociiurn ch'loride so'lution.
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7. The plasticity of clay soils may be reduced Dy the

app'l i cat'ion of bri ne. The degree of reducti on i s dependent upon the

c'lay mi nera'l s present and the arlsorbed cati ons

8. The compressive strength of clay soils was not increased by

mixing with brine and in some cases rnay be slightly reduced.

9. The permeability of soils which do not react with the brine js

greater for water than for brine. Soils which react with the brine may

exhibit an increase in permeabil it-y when m'ixed with brine.

10. The resistance of paver,rent structures to frost action is im-

proved when brine is incorporated in the non-aspha'lt 'layers.
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SECTION IIi
LITERATURE REVIEI,l

A revi eY\' of the 'l i terature i ndi cates that the envi ronmental

effects resulting from sa'lt application generally can be divided into
five categories. These include: 1) the effect on soil properties,

?) the effect on vegetative 1 ife, 3) the effect on surface water

qua'lity, 4) the effect on groundwater quality, and 5) the effect on

h'ighway material s.

The pavement materia'l which is thought most adversely affected by

salt application and, tfrus, is discusseC jn this review is concrete.

It should be noted that a]though each category deals with a separate

aspect of sa'lt effects, they are all interrelated and the environ-

menta'l impact of. a de-icing compound must be viewed as the combined

impact of these separate effects.

For the purpose of this review, each of the five categories will
be treated in a sepdrate section. These sections are as fol.lows:

1.The Effect of Highway Salts on Soil

2. The Ef fect of Hi ghway Sal ts on p'lants

3.The Effect of Highway sa]ting on surface water Quality

4. The Ef fect of Hi ghvray sa'l ti ng on Groundwater Qual i ty

5.Sa'lt Effects on Concrete Deterioration

The Ef fects of H'iqh way Sa'l ts on So i I

fhe movement and effects of sa'lts in soils have been studied in
the l'lestern United states fon many years. In lhs vJest, researchers

were primarily interested in the buildup of salts in 'land jrrioated
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with poor quality water (1). 0n1y in recent years have the movement

anci effects of salts used for de-icing been studied. The primary

sa1ts used in de-icing are calcium chloride and sodium ch'loride. The

reaction of these salts with the coi'loidal fraction of the soil is of

primary importance in determining the effects of salt application on

soil properties. The colloidal fraction of primary concern in this

study was clay.

The surfaces of the col'l oi da] f racti on of a soi I are covered

primarily with electrica'l'ly charged exchange sites. in the humus of a

we]l drained soii, these sites are usually predominated by divalent

calcium cations and monovaient hydrogen cations. The adsorption of

ions onto the colloidal surface is an ion exchange phenomena. The

extent to which a particular soi'l can ho1d and exchange these cations

'is termed its ion exchange capacity. This capacity is usually re-

ferred to as the cation exchange capacity because nearly a'li of.the

ion ex.change s'ites are negati're1y charged.

The strength with which a cation is held is dependent upon the

parti cul ar cati on i nvo'l ved. The four most common e1ements encoun-

tered, listed in decreasing order of their holding strength' are

calcium, magnes'ium, potassium, and sodiun. The cation exchange iS,

however, an equilibrium reaction and fo1lows the law of mass action.

Thus, a h'igh concentrat'ion of sodi um has the abi 1 i ty to di sp1 ace a

ca'lci um cati on a1 though the cal ci urn 'i s more ti thtiy hel d than i s

sodium. The cEC (cation exchange capacity) of soils varies great'ly

depending upon the type of soil, ranging from kao'linite with a CEC of

about 8 to a high humus so'i1, such as a muck, with a CEC of up to 180

mi'l'l 'iequi va1 ents per 100 grans of soi'l (3 ) .
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Regardless of their composition, co]loidal particles are made up

of a compl ex negati ve radi ca'l , such as a f ractureo co1 'l oi dal parti c1 e,

and several adsorbed cations, represented as fo'llows:

Caa

b

c

d

AI

H

lYt

ractured Colloidal Partic'le

The M stands for meta'l 'l i c cati ons such as magnesi um (l,lg ) ,

potassium (K), sodium (ps) and other cations. The lower case alpha-

betic characters (a, b, c, d) ind'icate the number of cations, and M is
variable depending upon the soil type. The fo]lowing generalized

examp'le i'l 'l ustrates the concept. If sodi um ch'l or.i de were added to a

soi1, the reaction nright be as fo]iows, assuming the number of calci-
ufr, aluminum, hydrogen and other meta'llic cations (M) are in compara_

tive concentrations of 40, 2a, 40, and 20, respectively, and 14 is a

monovalent cation.

I'l18

Al ztt

Hao

Nu7

cu3B

Al eo

zCaCl 
2ractured

Colloida] + 7 lJaCl
Parti c'l e

Fractured
Co] I oi dal + HCI
arti c'l e

2MC1

H.J

In this reaction, the added sodium has repiaced equivalant quantities

of . cal ci um, hydrogen and other- meta'l I i c cati ons present on the

exchange sites of the fractured coijoid by nass action. The oroducts
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of thi s reacti on wou'l d be subj ect to I oss through 1 eachi ng or

drainage. Frequently, the chlorfde ion wili not form a compound with

another ej ement but, fol l owi ng di ssoci at'ion, rvi 1 
'l be 'leached out of

the soil in its ionic state (4). Through this mass action mechanism,

an element such aS sodium, which has a low ionic strength' can

displace other cations and can accumu'late on the cation 
"*.hunge 

sites

of soil. Sodium is of part'icular interest because it is the principal

element invo'lved in the formation of alkali soils.

Concerning salt appl':cation, problem soi'ls are generaliy divided

into three categories. These are saline, saline-alka1i, and a1kali

soi I s. Sal i ne sof I contai ns neutra'l so]ubl e sa'l ts suf f i ci ent to

interfere seriousiy wirh piant growth and has'less than 15% af its CEC

occupied by sod'ium. The pH of such so'i'ls is usually less than 8.5.

The saline-alkali soil is simi'lar to sa'line soil, except its CEC

contains greater than L5% sodium. ,n: alkali soil contains few

sojuble sa'lts and has a CEC containing greater than L5% sodium anri

generally has a pH greater than 8.5 (4). High sod'ium leve'ls in so'ils

wi I I cause a cii spersi on of the soi'l col 'loi ds , and the soil wi 1 
'l become

less productive aS a resu'lt of poor structure and impeded drainage

characteri st'ics (5 ) .

Al kal i soi I s wi th gooo i nternal dr4i nage can lre rec] a'imed by the

add'ition of solubje ca'lcium salts, such as caicium chloride or gypsum.

0f these two materia'ls, gypsum is usually preferred as a soil additive

because of i ts j oler ccst. Cal ci um ch'l ori de, however, i s more so'l ub'l e

.uhan gypsum and, consequently, has the potential of entering the

exchange site nore readily (1). 0ther arnendments which can be used tc

rec'laim alkaji soi'ls inc'lude sulfur, sulfuric ac'id, iron sulfate'



10

a'luminurn sulfate, lime su'lfate, and ground'limestone (6). Thus, the

use of both sodium chloride (NaC'l ) and calcium chloride (CaC12)

together adds a soi'l amendment along with, and in the form of, the de_

'icing salt. Thus, a mixture of calcium ch'loride and sodium ch'loride

will decrease the potentfai for damage to physical properties of the

soi'ls as compared with application of sodium ch'loride alone (7).

In the l,lestern united States two primary cri teria have been

established for irrigation water. These are the sodium adsorption

ratio and electrical conductivity. The sodium adsorption ratfo is an

estimate of the alka'linity hazard to the soil. conductivfty provides

a measure of the sa]inity hazard (6). It is used to give an estima-

tion of the rate and concentration with which an irrigation water can

be applied to the soi'|.

The SAR is determined by the fol'lowing equation:

SAR = Ca Tg
2

The concentrations of the cations are expressed in mil'lequivalents per

liter in the equation. According to criteria developed for the clas-
sification of irrigation water, the alka]in.ity hazard in the soil is
considered low when the soi'l has a low salinity (I00 to 200 micromhos

per centimeter specific conductance) and the sodium adsorption ratio
is between 1 and 10. The hazard is considered medium for thfs soil
when the sooium adsorption ratio ranges from 10 to 1g, high in the 18

to 25 range and very high above this point. These ranges drop,

however, as the sa]'inity increases. In the ver;r high salinity range,

+
Na

+
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Spec1fjc concluctance of ??50 micromhos per centitneter or greater, the

a'lkalinity hazard is low only up to a sodium adsorption ratio of 4,

nediurn for 4 to 9, high fron 9 to 1.4, and very high above ia (6). 0f

course, the saiinity hazard at this range is also very high.

An electrica'l conductivity of one millimho per centimeter is

approximately equivalent to 640 paits per mil1ion of salt in the soil

so'lution (8). These criteria are wfdely used in arid regions with

re1 ati vely young soi I s. The pH va1 ues of such soi'l s are usual 1y

greater than Seven, and the predominant exchangeable cationS are

calcium, magnesium, and sodium (9). In the more humid regions of the

United States, the soi'ls are more acid in nature. In a soil with'low

pH, trivalent a'luminum (Al+++) replaces d'ivalent ca'lcium (Ca++) as the

predominant cation on the exchange surface. The difficulty encoun-

tered for a monova'lent ion such as sodium to exchange rvith triva]ent

ajuminum is greater than for the monova'lent cation to exchange with a

divalent cation suctr as Ca++ or Mg++ (9). The exchangeable a'luminum

tends to be much more significant for o'lder, more highly weathered

so'i'l s, Such as are usual iy found i n humi d cl imates, than for a young

al I uvi aj soi I . Al so, because of the much greater di ffi cuj ty for the

a'luminum ion (Rl'3i to be replaced by the sodium ion (i'ta+1, the

al kal 'i n': ty hazard i n these sci'l s i s reduced, and the excess

exchangeable sodium ion (Na+) in the presence of the a'luminum ion

(R1+++) will not adversely affect the soi'l structure (7). This is not

always the case, aS it is possib'le for a soil to have its a'luminum

ions helri tightly and inertly, such as in the expanding crysta'l

I atti ce of a si I 'icate c1 aY.

The chl ori de concentrati on i n soil s i s measured extens'i vely i n
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studying oe-icing sa'lt effects to determine the extent to which the

appl i ed sal ts can move through the soi'l . The chl ori de i ons are

reported not to have adverse effects on soil characteristics. They

possess a negative charge, as do most of the. soi'l colloidal radicals,
and thus flow freely through the soi'l rather than being absorbed (l).

As reported by Qayyum and Kemper (10), the general consensus of
researchers appears to be that water wil'l infiltrate through soil any

time the soil is not frozen (10). Studies have shown, however, that
some inffltration will occur even when the soil is frozen (11). In a

frozen soi1, the moisture content of the frozen portion fs greater

than that of the unfrozen portion below it.
In unfrozen soils the movernent of moisture depends on the moisture

content. in a mofsture-saturated soil the f'low is downward. Thus any

so] ub] e sa] ts i n the sof 'l sol uti on wi I I be I eached downward and out of
the plant root zone. In an unsaturated soil the moisture wi]l tend to
move toward the surface and evaporate. In this case the so]ub]e salts
in the soil solution wi'll concentrate at, or near, the soil surface as

the water in the soil solutfon is evaporated. The rate at which so.il

moi sture i s moved upward and evaporated depends upon the soi I

permeability and to some extent upon the salt concentrat.ion of the

soi I so'l utf on. A soi I so'l uti on vri th no sal t wi I 'l evaporate at a

higher rate than one with a low sa'lt concentration, but both will
evaporate at a more rapfd rate than a hfghly concentrated sal t
solution because, as the high sa'lt solution evaporates, the salt will
crust over the surface of the soil restricting further evaporation
(i0).

In genera'l , the sa1 t concentrati on decreases wi th i ncreas.ing depth
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in the soil and also decreases with distance'laterall.v from the point

of application. Studies in Maine have shown that the sodium-affected

strip along highways is about 50 feet rvide but that the width is a

function of the time period over which the salt appi'ication has

occurreri(12).InConnecticut,salt-affectedsoi.lshavebeen
deterrnineo to extend as far as 100 feet from the road on gently sloped

land (13). In a s.imilar study it was found the sodium and ch'loride

content in soils immediateiy adiacent to saited roads \'ras 6 to 115

times higher than norma'l for soils of Maine. 0n1y one soil was found

to have actually been made aika1ine by road sa'lt application (5)'

The Effect of Hi ehway Sa]ts on Pl ants

Considerab'le work has been performed in the western areas of the

United States on the problem of sajt injury to plants, par^ticularly

concerning the effects of high concentrations'of salts 'in iirigat'ion

water on vegetatrve life. The predominant solub1e sa'lts in irrigation

water are prinra:"i'ly the sane sajts used for de-icing roads. A large

numDer of .ion.ic speci es may occur i n the soi I so1 uti on , bur re1 at'ive1y

f ew contri bute to the sa'l i ni ty of a part'icul ar soi I . The cal ci um

(Ca++), magnesium {t,tg++) and sodium (Na-) cations and the chloride

(Cl-), sulfate (SO;), bicarbonate (HCoi) and carbonate (C0:) anions

are those which generaliy predominate (14). The concentrations of the

various ions may vary tremendously from one soi'l to another'

The effects of excessive concentrations of salts on plant growth

general 1.v are due to an osmoti c i nh'ibi ti on of water arlsorpti on , the

speci fi c effects of the

effects (14). As it is

const'ituent i ons, or a combi nation of both

not a'lways possi b'l e tc determi ne the uncier-
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lying causes of these specific ion effects, they are sometimes lumped

into the general category of toxicities (6). These effects may

involve direct toxicity or a variety of nutritiona'l alterations and

can operate simultaneously (14). A marked difference exists among

species as to the quantities of any particular ion or combination of
ions that can be accumulated before a toxic effect results (6).

The sai i ni ty resu'l ti ng f rom the tota'l sol ubl e sa] ts i n the soi I

solution interferes with the mechanism whereby a plant absorbs

moisture from the soi'1. soi'l water enters the plant root through a

semipermeable membrane across which an osmotic pressure differential
is maintained. The flow of water through this membrane is in the

direction of the higher sa'lt concentratjon. The driving force of this
f]ow is proportional tc the magnitude of the osmotic pressure

differentia]; thus, as the salinity in the soil solution increases,

the f]ow of water into the plant is decreased (1). Investigations

have been conducted which show that an osmotic pressure adjustment is
made by many p1 ants to a'l 'low them to mai ntai n water i ntake wi th

increas'ing sa'linity (15). This adjustment, however, is not un.limited.

Another factor rvhich inf]uences the ability of a plant to take up

water is the soi'l moisture tension or the molecular attraction of the

soil surface for water. This force must be overcome by the p'lant to
take in soil moisture. The nragnitude of this force increases as the

soi I utater content decreases. The surn of the sof 'l mof sture tensi on

and the osmoti c pressure of the soi I so] uti on i s termed the tota'l soi I

moisture stress. P'l ant growth is a function of the total scil
moisture stress regard'less of its cause (14).

salting and drought reinforce eacir other in several lrays. Both
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decrease the amount of soil vrater avail able to the p1 ant.

Additionally, less t^rater movement down through the soi'l occurs as the

rai nf al'l decreases , wi th a resul ti ng reducti on i n l eachi ng so'lubl e

salts out of the plant root zone. For example, a soi'l at 100%

Saturation and with a particuiar sajt concentration may show no

adverse effects, whereas a plant in the same soij saturated to ?5'L nay

show a lrighly detrimenta'l response. Under dry conditions, moisture

wilj teno to migrate upward to the soil surface and evaporate, leaving

behind relatively high concentrations of salts. Thus, with regard to

soi'l moi sture stress , Sa'l t appl i cati on 'i n the more ari d regi ons of the

country will tend to produce a more harmfu'l effect on plants than a

similar application in a humid region (6)-

The'injury or grourth reduction of plants which cannot be accounted

for on the basis of soil moisture stress is'attributed to the toxic

effects of the part'icu'iar sa'lt or combination of salts applied. The

influerice of the excessive concentrations of specific ions in the soil

solution on vegetative jife involves a complex combination of plants

rvhich makes it difficult to generalize as to the specific toxicities

of i ndi vi ciua'l sa] ts. Consi derab'l e work has been done to determi ne the

effects of relative concentrations of the sa'lts most commonly found in

the soil solution on vegetative life. in general, grassy vegetation

is more tolerant of high salinity than is woody vegetation (16).

Concern'i ng i ons typi ca'l ly f ound i n sa'l t water, f or exampl e, the

fol'lowing observations have been made. An excess'ive concentration of

magnesium ion may be toxic because it is accompanied by a greatly

decreased adsorption of the cajcium and potassium ions. Such an

ef f ect can usua'l 1y be el 'imi nated by the simu'l taneous add'iti on of
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calcium so that a moderately high calcium concentration resu'lts (14).

A'l though ca1 ci um i s essenti a'l for p1 ant growth, excessi ve cal cf um can

cause high salinity (13) and may be specifica't1y toxic by producing a

nutrient imbalance unless compensated by some other ion, such as

sodium or potassium (14). Thus, while one particular ion rnay not be

toxic, it may be detrimentai to p'lant grorvth by causing a nutrient
imba'lance with respect to another ion. !.lhi'le relatively few instances

of cat'ionic imbalance have been observed in saline soi1, the situation
is more striking with respect to anions. Under nonsa'line conditions
ch]orides may be present in traces up to a few mf'l'liequfva.lents per

1iter, whereas under saline conditions the chloride concentrat.ions of
the soi'l solution may reach up to 150/100 grams per 1iter. Although

chl ori de has 'l i ttl e effect on the absorpti on of other essenti al 
.

anions, sr.rch as phosphate, nitrate, and sulfate (t+1, and has been

found to be essenti al in the growth of some p1 ants i n high

concentrations, it can be detrimental (17). An increase in phosphate

and nitrate concentrat'ions wil'l depress ch'loride absorption but the

su'lfate ion genera'l1y restr.ict,s the absorption of ca.lcium while
promoting the uptake of sodium. The chloride, bicarbonate, boron and

sooium ions are a'll toxic in concentrations exceeding that required

for optimum plant growth but, in most cases, the mechanisms of
toxicity are not known (14). Sodium is often considered toxfc to
trees and other p'l ants because of trans'l ocati on to the I eaves and

twigs causfng burning and browning. Al though sodium is general 1y

thought to be nonessential to plant gror,rth, there are plants for which

it is essential (18). It has a]sc been found to interfere with the

uptake of potassium, an essentia'l element, and in some p.lants can even
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serve in its place (i). Besides the immeciiate damage of salts,

studi es have been conducted whi ch i ndi cate that 'l ow sa'l i ni ty over an

extended time perioci w'i'll cause cunul ative damage. The damage of

subletha'l amounts of salts may not be evident for several years and

may cause plants to become more susceptible to disease (19).

In recent years considerable work has been done on evaluating the

effect of the highway de-icing salts on plants- Much of this work has

been done on maple trees along heavily saited New England highways

(1). Early reports indicated that highway salting had no significant

effect on trees iOI however, a later Massachusetts study corre'lated

the injury of severa'l roadside trees to high chloride'leve'ls (21). A

New Hampshire study of 550 sugar maples found that, in genera'|, those

trees wi th such symptoms as margi na1 'leaf scorch, 'l ate summe.r co'lora-

ti on, ear'ly f al 'l def o'l i ati on, reduced shoot growth and sma'l I tw'i g

death in the crown were growing within about 30 feet of the highway

whereas those without the symptorns ivere more than 30 feet from the

highway Q?\. The foliage of the affected trees was examined and

f ound to have abnormal1y hi gh sod'ium 'level s Q2). In another study

of a hi ghway w'i th runof f on only one si de, the soi'l s on the downhi'l 'l 
,

or runoff, side were detrimentally affecteo by sociium and a generai

Cecline in quality of the sugar maples could be detected. The soi'ls

and p1 ants on the uphi'l'l si de were unaf f ected (9 ) . In work cione on

the Nationa'l Park grounds in l'lashington, D. C., a correlation was es-

tablished betrveen the state of health of blue grass and the concentra-

tfon cf so1uble sa'lts in the soil. Similariy' a correlation was

estab'l i sheci betrveen excessi ve chl orides i n the soi I s and the concen-

trat.ion of so] ubl e sal ts . It was concl uded that, wi th i ncreasi ng use
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of salts in the washington, D. c., area, the dec'line in quality and

death of vegetation wou'ld continue (19). A subsequent study of the

same area yie]ded simi'lar resu'lts. The conclusion was drawn in th.is

study that potentialiy affected areas should be heavi'ly watered fn the

early sprfng, if at a'll possible, to'leach the so]uble salts from the

p'lant root zone (23). Generally, salt has been a limiting factor in
the establishment of cover grasses on many Northern interstate highway

medians. However, apparently once estabiished, the grass has a higher

sa'l t to]erance (?4) .

studies have shown the importance of the initiation of photo_

synthesis in seeol ings as a factor in increasing their osmotic

pressure and sa'lt tolerance (24). Salt apparentlyinterferes with the

normal photosynthetic and respfratory prqcesses of .leaves and, in
acute concentnations, wiil kill the plant (zs\. some hfghly tolerant
grasses and forage legumes rvhich can be expected to show small'losses

in yield at soil extract conductivities of from lZ to 5 millimhos per

centimeter inc'lude alkal i sacation (Sporobolus airoides), sa'lt grass

(Distichlis stricta), nuttal'l alka.li_grass (puccineilia Nuttaliana),
bermuda grass (cynodon ciactylon), tall wheat grass (Agropyron

enl ongatum) , Rhodes grass ( chl ori s gayana) , Rescus grass ( Brornus

cailrarticus), canacia wi'ld rye (Elymus canadensis), I,Jestern wheat grass

(Agropyron smithii), ta'll fescue (Festuca arundinacea), bar'ley hay

(Horceum vulgare), and Birdsfoot trefo'il (Lotus corniculatus) (6).

The Effect of Hi tlay Sa1ti nq on Surface I^Jater Qu a'l i ty

In the investigation of surface water contarnination resu'lting from

de-icing operations, the chloride concentration has been the most
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frequent'ly used indicator. The Un'ited State Public Hea'lth Service has

estab'lished a'lin'it on ch'loride concentration in water for human con-

sumption of 250 milligrams per iiter for situations where an alterna-

tive supply i s avai'lab'le. The 'lirnit i s based primariiy on aesthetic

rather than physiological ccnsiderations. 0nce adjusted to the water'

humans are capable of regular consumption of water containing 2000

m.il I i grams per I i ter of ch] ori des. water rvi th hi gh sai t 'l evel s may '

however, be harmful to peop'le with diseases of the heart or kidneys'

The california trJater Qua'lity Board has indicated that the following

chloride concentrations are not harmful for these specified usages:

domesti c water supp'ly , ?5A mi'l 1i grams per 1 i ter, and i ndustri al water

supply, 50 milligrams per liter. In most cases, the tolerance of fish

to ch] ori rjes depends on the speci es of f j sh and the qual i ty of i ts

native environment (26).

In the tlerra River in GermanY, a'large chloride discharge from an

i ndustri a'l pi ant resul ted i n a f i sh ki'l 'l when the chj ori de concentra-

tion exceedeci 12,000 nriiligrams per 1iter. Also, reduction in insect

I arvae and other fi sh food organi sms was observed i n the sa'l i ne

stretch of the ri ver i;rmedi ate'ly bel ow the di scharge poi nt (27 ) '

Astudyofastream.in0k]ahomacontainingo.i]rve]]brine

discharges resulted in 34 species of organ'isms in the stream being

classified with regard to their salt tolerance' A direct correlation

was reported between the commun'itv composition of the organisms and

the chloride concentration, which ranged from 120 milligrams per liter

in the lower reaches of the stream to 20,000 milligranrs per 1i.ter in

the headyraters. The absence of fish'life was observed in the stream

when the chjoride concentration exceeded 1,000 m'illigrams per'liter'
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However, no conclusions were drawn by the investigators with regard to

the reasons for the absence of fish life. The investigators indicated

that the depth of the stream was sufficientiy sma'll as to possibly

result in fish 'life being absent, (Zg).

The results of studies conducted in I^Jisconsin indicated that

surface runoff from highways was found to have chloride concentrations

as high as 10,250 mflligrams per 1iter. However, the maxfmum ch]oride

concentrations observed in surface watercourses did not exceed 45.5

mi I'l i grams per I 'i ter. The ch'l ori de concentrati ons measured i n the

surface waters ranged from 0.5 to Z milligrams per liter durfng the

summer months. severa'l l.lisconsin lakes were observed to have a

seasona'l fl uctuati on i n ch] ori de concentrati ons . However, the

conc'l usi on ',i'as drawn . that the chl ori de concentrati ons of the surface

waters were sufficient'ly low in all cases as to not be detrimental to

aquatic life 127, ?9\. A simi'lar study of seven rivers in l.laine in

which the concentrations of sodium and ch]orides were monitored ihowed

that the addition of de-icing sa'lts to highways had'litt]e adverse

effect on water quality. The average chloride concentration was L.7

mi'lligranls per liter, and the average sodium concentration was found

to 3.6 mi'lligrams per liter. The chloride and sodium concentrations

did not exceed 7.8 mi'lligrams per'liter and i0.7 mi'lligrams per'liter
respectfvely, for the sample data. The highest concentrations were

reported to resu'l t 1 arge'ly f rom i noustri a'l and domesti c sewage

discharges into the river (30).

A Vermont study of stream sa1 t concentrati ons on a parti cu'l ar

watershed i ndi cated the cal cul ated hi ghway yi e] d of sa'l t to be g3 tons

per year of I'lac'l i n excess of norrnal background amounts. Hi ghwa.v
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maintenance records shovred that from 63 to 100 tons per year were

applied to the roads in that watershed. The conclusfon was cirawn that

most of the sa'lts applieo to the roads in Vermont ended up in surface

streams (31).

From studies conducted fn illinois, the observation vlas made that

road salt po1'tution was characterized by an abrupt salt'level increase

during the maior spring thaws with iesser increases following sub-

sequent rains. These increases diminished with time until the sa1t

reached a constant minimum 'leve'l in the late fall or ear'ly winter of

each year. Streams receiving recharge from salt-contaminated grounci

water showed a consistent increase in yearly minimum ch1oride 'levels

over the base ch1cride levels recorded prior to the beginning of heavy

sa'l ti ng i n the drai nage basi n (32 ) .

The Irondequoit Bay watersheo in New York receives heavy highway

salt applications in the winter. A study of this bay showed that the

cold salty runoff from the inf'luent streams accumu'lated in Ehe bottom

of the bay, forming a levei of denser salt water in the winter months.

By spri ng thi s saf in'ity g''^adi ent was suf fi c'ient to prevent compl ete

nix'ing of the bottom 'leve'ls of the bay. The maximum jeve'ls of vernal

mixing decreased in the three years of the.study from LA meters in

1970 to 15 meters in 1971 and 12 meters in L97?. Another effect of

the highway sa'lt on the bay was that the density gradient imposed by

the sa1t runoff had pro'longed the period of summer stratification.

During 4 years of study the ternperature at which the bay mixed was

decreaseC from a range cf 9 to I degrees Centi gracie to about 5 to 4

degrees Cent'igrade. In i939, the bay mixed to the bottorn in ear'ly

0c tober, whereas 'i n 1972 mi xi ng to the bottorn di d not occur unti'l
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December ( 33).

In a study of the Beaver Dam Lake in l,lisconsin, whfch receives

highway sa'lt input, a density stratificatfon of chlorides with depth

v',as found. The ch1 ori cie concentrati on i ncraased from 8 mi l l i grams per
'liter at the top to 33 mi'lligrams per'liter at the bottom, a depth of
1.5 feet (?71.

Another possibi'lfty of water contamination due to the influx of

hi gh sal t concentrati ons i n surface waters i s froln the rel ease of

heavy metals. l4ercury, for example, is strongl,v he]d in the bottcm

seciiments of natural watercourses. However, the chloride fon has the

abi'l i ty to comp'l ex strongly wi th mercury, and the sodi um and ca] cf um

ions from the sa]ts can compete with the mercury for ion exchange

si tes i n the bottom sedirnents. A study of a i'lassachusetts pond i ndi -

cateC that the addition of sodium and calcium chloride increased the

concentration of mercury in the water. It was a'lso concjuded that the

cirop i n pH correspondi ng to the sal t addi ti on contri buteci to the

rxercury release. The sa]t concentrations used in the study were on

the order of 3.5 to 16.5 percent (3a).

The Effec t of Hi ohway Sa L inq on Groundwate r Qual itv
Groundwater aquifers vary greatiy in their vulnerabi'lity to

contamination, iust as they vary in their extent, hydraulic behavfor,

composi t'ion and other characteri sti cs. Aqu if ers are usua'l ly one of
three types. That is, they may exist in unconsolidated sand and

gravel, in fractures in a consolidated rock strata, or in the pore

spaces of rock such as sandstone or rock of vo]canic origin. The most

vulnerab]e of these to serious contarnination is the unconsolidateC

I
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aquifer. In such aquifers the source of contamination is the most

critical when it exists within an area inf'luenced by the pumping of

large amounts of nater because the sediment overlying these aquifers

is usua'l1y quite permeahle and thus capabie of recharging large

amounts of water to the aquifer" Protection of these recharge areas

i s extremely important because, as a resu'l t of the re'l ati vely st o*

fiow rates in the unconsolidated aquffer compared with those of the

other aquffers mentioned, it may be neither economical'ly practical nor

aven technoiogically feasible to purify such an aquifer once it has

been contami nated (35 ) . l,lhen concerned wi th ground vrater pol'l uti on by

h'ighway de-icfng salts, these salts s'imp1y represent contaminated

recharge water, and roadsi de we1 I s i n areas suppl i ed by shal 'l ow

aquifers receiving such recharge are especia'l1y subject to ch'loride

contamination (36).

Several studies have been conducted to determine 'if the salt

actually applied to the roaos has caused groundwater contamination.

The lvlassachusetts Department of Publ i c i.lorks , i n conj uncti on wi th the

I,later Resources Di vi si on of the Un i ted States Geol og'icai Survey,

col I ected groundwater sampl es from tubes p1 aced underground at

intervals a'long several maior highways in that state which receive

heavy winter salting. i,lost of the sarnples taken showed chloride con-

centrations approaching 250 parts per rnil'lion (37). In a 'later

Massachusetts study, wells were drilled at intervals of 15 and 30 feet

from salted highways and ch1oride concentrations were measured. The

study resu'l ts i ndi cated that as the sal t'ing conti nued and was

i ncreased, the chl oli de I eve'l i ncreased i n the wel I s. The

concentrat-i ons vrere al sc greater i n the wel 'l s cl oser to the h'i ghway -
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The vel oci ti es of tlre groundwater fl ovr i n thi s study vari ed

considerably at the different locations (38).

A study was conducted on 115 'rre'l'ls randomly se'lected al ong sal ted

highways in NIaine. We'lls receiving no contamination averaged only 3

to 4 parts per million of sodiurn and ch]oride. The test we]ls

averaged 70 to 76 milligrams per'liter of sodium and lso to t7L

mil'ligrams per liter of chloride. Nineteen percent of the wells

exceeded 250 parts per mi'llion of chloride. The conclusion was drawn

that the salt level was closely related to the distance of the well

from the highway. The suggestion was made that private we1ls shou'ld

be located no c'loser than 40 feet to a highway in the future. The

contaminated wel'ls were primarily sha11ow, dug we11s. Drilled wells

wi th casi ngs b/ere far I ess suscept'ib1 e to sa] t i ntrusi on (39 ) . In

1953, the New Hampshire State Hfghway Departnient replaced four water

supply we'l 'l s adverseiy affected by chl ori des f rom hi ghvray sal t. The

number has increased yearly, with 37 water suppiies being repiaced in

1964. Usua11y, lJew Hampshire groundwater has a chloride concentration

of I ess than 100 mi I I 'i grams per 1 i ter, whereas soine of the wel 'l s bei ng

replaced containeci from 3500 to 3800 milligrams per liter (40). tlost

of these r.ve'lls rrrere also shaliow, dug we'lls anct were within 100 feet

of a chloride source. No mention v/as made of an investigation of the

possi bi 1 i ty of surf ace contami nat'ion of these we'l 'l s (27 ) .

The literature on po1'lution of groundwater by highway salts

indicates that although other possfble troub'le spots exfst, the most

serious problens have occurred near unprotected salt stockp'i'les with

migration of chemica1s frcrn these piles into the groundwater, thereby

polluting nearby vrells (41). In 1965, five wells in l.lisconsin were
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reported to be affected by salts leaching from a single sa'lt-sand

stockpi'le. These we'l'ls were up to 600 feet from the pi1e. The area

in question is under1ain by 'ljmestone rock (40). In the same year a

new we]l was drilled fn '/isconsin near a salt-sand stockpile and was

cased to a depth of 75 feet. The water from this well was initially

too sajty to drink, but it became potab'le when the casing b,as extended

to 110 feet (37).

The De]ta County Road Commission in Michigan a'l1eged1y caused the

contamination of shaljow portions of the Black River limestone near

the village sf Rock with an unprotected sa'lt storage pi1e. Also in

Michigan, the l4anistee County Sanitation Commission reported the poi-

I uti on of severa'l wel 'l s. One of these was a 30 f oot domesti c wel 'l

about 300 feet from a sal t storage pile which contained 4400

mi'lligrams per'liter of chloride. investigations revea1ed that the

di sso'l ved sal t f rom the pi'l e was fi owi ng i nto a cracked storm sewer

from which it 'leaked into the aqu'ifer supplying the we1l (36). A

similar case !^raS reported in Peoria, I'l'linois, where the salt

contam j nati on of severa'l wel'l s was f ounci to be caused by 'leakage f rom

an old storn se!/er which received runoff from a municipal salt storage

pile (32). iiumerous other instances of the salt po'llution of wel'ls

due to improperly protected salt storage pijes have been reported (1).

The probl ems experi enced wi th the use of de-'ici ng sa'l ts i ndi cate

that the greatest cianger of serious contamination of the environment

is with the contamination of the groundwater. Fortunately, very

little of the salt applieC +-o the roads is like'ly to percolate 'into

the grouncilater. ln a Ve'rmont study, cal cul ations i ndicated that of

the sa'l t appl 'ied i n the parti cul r basi n under observat'ion, as much as
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90% left the basfn as surface runoff (38). Surface runoff rates tend

to be hi gher duri ng co] o weather wi th f rozen sof 'l s and 'l i tt.l e

vegetation in the i{orthern united states. Thus, most of the sa'lt can

be presumed to reach the surface waters by surface runoff. This is
especially true in areas with storm drainage (41).

The Effect of Salt on Con crete
A definite relationship between the increased use of de-icing

sa'lts and the increased incidence of concrete highway structure dete-

rioration appears to exist. The effect of de-fcfng salts on concrete

basically appears to inc'lude two fcrms of increased deterforation.

Th ese are sca'l i ng and spal 'l i ng of the surf ace mortar, whi ch seems to

be more severe vlith dilute sa]t solutions than with concentrated

solutions, and a general softening and deep cracking of the concrete,

which is greater with increaseci concentration of the de-icing solution

{4?,43)- Damage to the concrete surface in the form of surface

deterioratfon is evident when water without salts in so]ution is used

in freeze-thaw tests inciicating a physical rather than chenical fcr:n

of attack (43). Probably the nrost generally accepted expianation of
thi s deteri orati on i nvo'l ves the generati on of pressures by the

moisture contained in saturated voids at the moment of freezing (44).

The expansi on as the i ce crysta'l I i zes forces the excess so'l uti on i nto

adiacent porous material. The frictfonal resistance of the material

to the f]ow in turn induces a stress in the mortar of the concrete.

if this stress exceeds the strength of the rnaterial, a failure wi'lj
resu'lt (44). h'ith de-icing chenicals, tle abi'lity of ch.lorides to
depress the f reezi ng temperature oi" water presents i n .itse'lf 

a
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potentia'l hazard to concrete. Salt application will increase the

number of freeze-thaw cycles the concrete must withstand and wfl'l

raise the leve'l of water in the concrete, leading to increased scaling

and spalling (1)" The increase in deterioration with the additfon of

salt suggests that the damage is not caused totally by the formation

of ice crystals (aZ).

To expla'in this observed increase in the severity of deterioration

resu'lting from the use cf de-icing chernicals, the "osmotic theory" was

postulated. The theory is that the concentrated de-ic'ing solution

penetrates the pores of the concrete during freezing. blhen the

so]ution contacts the concrete it disso'lves certain ccmponents of the

concrete due to its ionic strength and/or low ternperature. The

i ncreased temperature duri ng the me'l ti ng cyc'l e combi ned wi th the

di'l uti on of the concentrated sal t so] uti on as the i ce crystal s me] t

causes the dfssojved components of the concrete to 6nce again be

preci pi tated out of so1 ut'ion. As they preci pi tate, they

conSequentially p'lug the pores of the concrete. The concrete could

then act as a semipernsable membrane and a'llow the passage of water

but restri ct the passage of 'l arge or charged 'ions. Thus , condi ti ons

rvoul o be establ i shed for devel opment of 1 arge osmoti c pressures

because of the concentration gradient between the surface, where the

concentration is 1ow, and the area of highiy concentrated sa'lt

so1ution. In such a system, the water from the more di'lute side will

tend to f]ow into the area of the more concentrated so]ution, devel-

cping large internal pressures anrl crack'ing the concrete 142\. This

coul d expl ai n why the rate of surface sca'l i ng 'is i ncreased by contact

of the concrete wi th p1 ai n water ciuri ng freeze-thaw cycl i ng i n
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chl ori de sol uti ons (4?) .

Several parameters determi ne the degree to which concrete wi'l 'l

withstand deterioration during freezing and thawing with de-icing

chemicals. These include the quality of the cement and aggregate, the

workmanship and methods of placement and finishing, the amount of air
entrainment, curing time, and the stress app'lied to the concrete. A

scaling test involvfng the freez'ing of water on concrete test slabs

and thawing by application of calcium chloride in flake form showed

that the resistance of the concrete in that instance, all other things

being constant, was a function of the degree of air entrafnment (42,

45). Afr contents in excess of 6% were more effective in increasing

deterioration resistance than were cement content increases (45). In

the same study, the replacement of portland cement with f1y ash in the

mix was studied and in a'll cases was found to be detrimental to the

resistancs of the concrete regard'less of its air entrainment, fineness

of fly ash or carbon content (45). variations, however, in the

surf ace ai r entrai nrnent can 'l ead to sca'l i ng. The ai r entrai ned i n the

surface mortar l ayer i s often consi derably be]ow that of the bu]k

concrete. The 'l ow ai r entrai nment resul ts i n a parti cu1 arly

aggressive actfon by de-icing chemicais in the area of the pavement

most suscepti b1 e to damage (4?) . Thi s coui d resu'l t from over-

f i n'i shi ng the concrete (46 ) . Concrete mi xes, even af r-entra.ined

rnixes, do not develop maximum resistance during the first six months

following placement. sa'lt app'lied during this period can cause sig-

nificant structurai danrage (1). Longer curing periods allow the

concrete to deve'l op greater resi stance Gz) . The appl icati on of

stress to concrete subj ect to f reezi ng and thawi n-o vii th sa'l t



29

consistent'ly decreases the resistance to deterioration (44).

In addition to the surface scaling and spal'ling, a second form of

deteri orati on can occur. Thi s deteri orati on, apparently caused by

chemical attack, resu'lts in deep cracking and a general weakening of

the concrete Un. The deterioration increases with increased

so1ution strength as shown by decreases in the modulus of elasticity.

Yarious material s have been tried as additives to the de-icing

solution to reduce the rate of deterioration. Typical of these are

sequestering agents such as the sodium sal t of ethyl enediamine

tetracetic acid and po'lyhydroxy Sugar type conrpounds such as dextrose"

Improvements were not si gni f i cant. Chemi ca'l damage has a1 so been

noted in the deterioration of concrete continuously immersed in salt

water without freezing (42).
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SECTION IV

EXPERII,IENTAL METHODS AND PROCEDURES

several aspects of brine application for de-icing, dust pa11ia-

tion and so'il stabilfzation purposes were investigated. These include

the effects of brine on 1) the soi1, 2) the quality of surface water

runoff, 3) concrete pavements,4) dust pa]iiation, and 5) the melting

rate of ice. The characteristics of the brine used are shown in Tab'le

I.

The Effects of Brine on Seiected So i'l Properti es

The soil study was conducted as a 'laboratory investigation of the

chem'ical properties of soi'l leached with brine as compared with those

of soil leached with de-ionized water. Lysimeters were constructed of

ef ght-i nch Pvc pi pe and f i 1 
'led wi th a representati ve soi'i sampl e.

Typical lysimeter construction is shown on Figure 1. The m.inus one-

half inch soi'l was placed in two-inch lifts compacted to gs% of

lvlodified Proctor as described by Lambe (47). Al I 'lysineters were con-

st,ructed with a two-foct soil depth. Five sets of five iysimeters,

each set representing one of the five test soils in the study, were

used. Three lysirneters i n each set were dosed wi th fu1 I -strength

brfne. The remaining two were dosed with de-ionfzed water and used as

control specimens. Each lysimeter of each set received the same

ciosage i n the amount of one I i ter per dosage, and ciosi ng \,ras ha] ted

when the addition of liquid to the lysimeters of a set wou'ld overf'low

any one of the iysfmeters. The 1ys'imeters were seajed to prevent

unwanted seepage or evaporation. Leachate l,/as co'llected in Er'lenmeyer
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Tab'le i , Characteri sti cs of Bri ne

Tota'l hardness

Tota'l al kal i ni ty

Tota'l so'l i ds

Fi xed sol i ds

Speci fi c wei ght

Ch'lori de

Boron

Sul fate

i odi de

F I uorl de

Sodi um

Potas s i um

Calc'ium

l,!agnesium

pH

tAZ,725 ngll (as CaC0r)

175.3 mg/'l (as CaC0U)

429 s/l
?96 g/1

7.2A

161 S/1 Cl 265,680, mg/l

200 mg/'l

240 mg/1

130 mg/1

li mg/]

66,800 mg/1

2,800 mg/l

32,000 mE/1

3,000 mg/1

7.4

( as NaCl )



JI

Fill Line

8" I . D. PVC P'ipe

Z4

Perforated p'l ex i ga'l ss
pl ate

Eri enmeyer F1ask

Figure 1. Sketch of Lysimeter Construciion
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f I asks pressed ti ght'ly aga'inst the po'lyethyl ene f unnel s t'o prevent

evaporation. At the conclusion of the dosing period, the soi'l was

removed and analyzed for CalCium, magnesium, Sodium, potaSsium and

specific conductance at pre-determined depths.

Surface liater Runoff Oual ity V r i ati ons

Each of five plexiglass units, constructed as Shown on Figure 2,

was fil l ed wi th one of the test soil s. The soi'l rvas pi aced i n the

units in one-inch lifts to a total depth of six inches and compacted

uniformly with a ten-pound harnmer dropped frcm a height of three

inches. Each area of the box rece'iveC ten b'lovrs cf the hanmer on each

'l i f t. The boxes were dosed w'ith equa'l quanti ti es of f u1 I strength

brine daiiy until the liquid remained ponded; The 'leachate through

the fu1 1 depth of soi I was sampl ed i n 500 mi'l 'l i'l i ter i ncrements. The

leachate was a'lso sampled through ports at the trvo-inch depth in 250

mi 1 1 i I i teli ncrements. Sampl es of the I eachate were ana'lyzed for

ca'l ci um, magnesi um, sodi um and potass'ium.

Descri p t'ion of the Test Soi'ls

The so'ils used are referred to in this report by letter designa-

tion. The soi'ls were classified in accordance with the Soil Survey of

Washington County, Arkansas (aB). The soi'l particie distribution

curves and the Procter density curves for the five test Soi'lS are

shown on Figures 3 through 12.

Soil A. Soil "A," a Fayettevi'lle series soi1, is a dark reddish-

brown, sandy -c'l ay 'l oanr yri th a I o',r, to medi um shri nk -sviel'l potenti a'l anC

a pH reaction of 5.5 tc 5.5. It is ciescribed as hav'in9 good
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anIL+

.l0"

24"

) ctt

'-]-

1. Underdrain outl et ports

2. Soil support and underdrain p'late

3. 0ut'let ports at 2 inch soil depth

FIGURE 2. SKETCH OF PI.EXIGLASS UNIT CONSTRUCTION
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suitab'i'lity for use as road subgrade and fill material.

Soi'l B. So'i1 "8," a summit si'lty clay, is a dark grayish-brown

soi'l rvi th a hi gh shri nk -swe'l 1 potenti a1 and a pH of f rom 5. 5 to 7 .3.

Because of its high shrink-sle'I1 potential, it is considered to be a

poor materiai for use as road subgrade and fill.

Soil C. Soil "C," a Pickwick Silt Loam, is a very silty brown

materi a'l wi th a pH of 5. O to 6 .0 and wi th a med'ium shri nk -swe'l l

potential. It is describeci as having good suitability as a road

subgraoe and fi'll material.

Soil D. Soil rrDtr is a Cleora fine sandy loan. Th'is dark brown

soi l has a 'l ow shri nk -sivel l potenti al and a pH of 5,5 to 6. 5. It i s

descri bed as hav'ing good sui tabi'l i ty for use as road subgrade and f i'l I

material.

Soil E. Soil rrEn is of the Enders A'llegheny. complex. It is a

brown to grayiSh-brlvn stony clay loam with a pH of 5.0 to 6.0. It

has a med'ium shrink-swell potential and is described as fair for use

as road suograde and fi'll material.

The Effects of Brine on Concrete Stren

A'laboratory investigat'ion of the effects of brine on the strength

of concrete was conducteC on concrete sampies prepared in accordance

with specifications estab'lished for use with concrete pavements by the

Arkansas S*,dtB Hi ghvray Department. Detail s of the roix design are

.inc1uded in Table II. The samples were cured in a'limewater sojution

for dne and one-ha'lf weeks.

The blocks were frozen with ice covering the block to a thickness

of not less than one-quarter inch. When complete'ly frozen, two liters
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Tab'le II. Concrete Mix Design

Mix Design - Portland Cement Pavement

l.lt. , 'lbs 
.

?
Vol., ft."

Cement

l,later

Air

Course Aggr.

Fine Aggr.

Cement

l'later

Air

Course Aggr.

Fi ne Aggr.

517.0

253.4

trol

2A77.8

i034 .0

Per cubic ft.

, e')

4 .06

1 .35

23.68

9.27

Des i gn
Batch

19.1

9.4

trolJ/o

76.7

?o ?

0 .10

0 .15

0 .05

0 .88

nll

F'ine Aggr. Fi neness Modul us = 2.75
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of brine at rooin temperature were poured on top of the ice-covered

concrete , and the sampl es were a'l I owed to me1 t at room temperature.

Fo1'lowing complete melting of the ice, the blocks were tested on a

Soi'l Test lviodei CT 366 Sonometer to determi ne resonant f requencies

vrhich are directly proportional to the e'l astic modul us of the

concrete. The apparatus used for testing the concrete is described on

Figure 13. The frequency vras measured to detect any effect of the

test on the strength of the concrete. The ice on the test specimens

was melted with 0, t/4, L/2, and fuil-strength brine solutions.

Immediate'ly after sonic testing, each b'lock was rinsed of any residua'l

salt and refrozen in tap water.

Du st Pa'l I i ati on Characte ri sti cs of Bri ne

An in situ investigation was made to determine the effectivenss of

the brine for dust pa'lliation. A site on the Black Oak Road southeast

of Fayettev'i'l 1 e, Arkansas , was sel ectad. Four secti ons of the test

road were dosed with d'ifferent rates of undi'luted brine. The quantity

of bline on the road was deternine<i by rneasuring the brine jevel in

the tank truck at i nterval s, and the road area lvaS determi ned by

chain'ing. The brine concentration on each test section is shown on

Figure 14. Dust falling in static sampf ing dev'ices nlas co1lected and

weighed every second day. A detail of the construction of the

sampiing devices is shown on Figure 15.

The Effect of Brine on the Melting Rate of Ice

A I imi red stud1, t^/as cc;nducted concern'i ng the

rates of vari ous concentrati ons of the bri ne.

rel at'ive de-i ci ng

This stud,v was
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To Armstrong
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accomp'lished using samples of approximately 400 mililiters of taP

water f rozen i n p1 asti c contai ners. When f rozen so'l i d, the samp'l es

were removed from the freezer, and 100 milliliters of one of the test

concentrations vlere poured on top of the ice. The quantity of liquid

'in the plastic container was measurad in a graduated cy'linder at 15-

minute intervals. The concentrations used were 0, Ll4, L/2, and full-

strength brine with the test conducted at room temperature. The test

was termi nated when any one of the sampl es was fu1 ly me1 ted.

Laboratory Procedures

l4easurenents of chemical characteristics of the brine samples were

conducted in accorciance with the 13th Ed'ition of Standard Methods for

the . Analysi s of l,{ater and 'viastewater. Co'l ormetri c analyses were

conducteo on the Co'leman Spectrophotometer Mooel I24. The pH was de-

termi ned usi ng a cornb'i nati on 91 ass e1 ectrode, Sargent lto. 530072 -15.

Atomic absorption analyses were made on a Perkin{lmer 3058 Spectro-

photometer. Specific conductances were measured on a YSI l4ode'l 3i

Conductivity Bridge. Soi'l extraction was performed in accordance with

Sect-f on 2 of tseacher (49).

Soil Stabil izinq Characte ri st'ic s of tsri ne

A 'limited study of the effectiveness of the brine as a soil

stabilizing agent was undertaken. The effect of various quantities of

brine on plasticity, compressive strength, permeabi'l ity and frost

heave of soil s A and B were measured.

Atterberg 'l imi ts tests (ASTM D -423 and D 424) rvere perf orined to

measure the p'l ast'ici ty. Ai r-dry soi 1 was rni xeC wi th bt"i ne concentra-
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tions of 0%, 25%, 75% and 1007, prior to performing the standard tests,

Compressive strength tests were performed on 1.4-inch diarneter by

2.8-inch-high specimens. The test specimens were molded at optinrum

moisture usfng standard Proctor compactive effort. Air-dry soil rvas

mixed with brine concentrations of o%, ?5%,50% and 100% prior to

compacting the compression test specimens.

constant-head permeabil ity tests were performed on compacted

specimens. In one series of tests, the air-dry soii was mixed with

distilled water and cornpacted at optimum moisture using standard

Proctor compactive effort. Distilled water was used as the permeant

in this series of tests. In the second series of tests, air-dry soil

was mixed w1th 1007, brine so1ution prior to compaction, and 100% brine

solution was used as the permeant. In each series of tests, several

different hydraulic gradients were used.

Frost heave was studied only for soil B. Specfmens were compacted

in segmented mo]ds after the air-dry soi'l had been mixed with brine

concentrations of 07", 25%, 50%, 75% and 100%. Compaction was done at

optimum mci sture usi ng standard Proctor compact'i ve effort. The

segmented mo]ds consisted of five acrylic rings 1 inch high and 4

inches in diameter. The specimens rvere 4.6 inches high and 4 inches

in diarneter. The bottorn ring segment contained a porous stone. After

compaction, the samples lrere insu'lated on thg sides and bottom,
'leaving oniy the top exposed, p]aced in a freezer cabinet at 0 degrees

Fahrenheit and gfven access to free water at 35 degrees Fahrenheit

through the bottom porous stone. Heave measurements were macie twice

each day for the first four days and at longer interva'ls thereaftar.





SECTION V

RESULTS

f t Sel e Pr erti
Chemical concentration data for the soi'l samples extracted from

the lysimeters are shown on Figures 16 through 4s. The curves

represent average values at the several depths for the three brine-

dosed 'lysimeters and the two control lysimeters. These data represent

a "worst case" because dosing was continued untfl ponding occurred on

the lysimeters. Ponding was maintained until the samples were

extracted frotn the lysimeters. The dosage schedule is shown .in Table

iII. Table IV shows the sample extraction schedule for the lysimeters

and the volume of'liquid remaining on the lysfmeters at the time of

extracti on.

sof'l B, a surnmit s'i1ty ciay, was notably susceptib'le to ponding

with on'ly from 0.4 to 0.7'liters penetrating the soil-'liqufd interface

at the top of the co]umn on 'lysimeters B-2 and B-3. conversely, the

Fayetteville series soil was part'icu1ar1y amenable to percolation of

the brine, with an average of about z.s liters of brine penetrating

the soil-liquid interface at the top of the lysimeters.

Calciurn penetration. The variations in calcium concentration with

depth i n the soi'l co'l urnn are shown on Fi gures i 6 through 20. The

calcium concentration in the Fayetteville series soi'l was fncreased by

the brine-dosage to the 16-inch depth, as shown on Figure 16. The

variation in calcium concentration with depth was nearly 'linear from

the surface to about the L0-inch ciepth.

The summit s'i'lty c'lay and Pickrvick si'lt loam soils ivere'less

f
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Date

6/23

6/34

7 /t4

Table IIi. Dosage Schecule for Lysimeters

Bri ne

A-1 A-2 A-3

B-1 B-2 B-3

c-i c-2 c-3

D-l D-2 D-3

E-1 E -2 E-3

Distilled Water

A-1

B-1

nl

D-1

E-1

B-2

c-4

A.?

B-?

V-L

D-2

t-?
D?

A-3

B-3

D-3

E-3

A-4 A-5

B-4 B-5

c-4 c-5

D4 D.5

E-4 E-5

A-1 A-2 A-3 A-4 A-5

A-4 A-5

B-4 B-5

c-4 c-5

D -4 D-5

E-4 E-5

A]'l lysimeters were dosed with one liier on each of the dates
.inaicited except'lysineters ts-2, B-3 and C-4 on June 30. These

lysimeters were dosed with 700 m'il I i'iiters.

l.tnrE .
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Table IV. Schedule of samp'le Extraction from Lysimeters

Lysimeter ExtractedDa te

10/3 1

LL/3

LL/6

LL/7

1 1/10

Lt/t3

|t/!4

LI/17

LL/18

IL/19

A-1

A-5

B-1

B-5

c-1

c-5

D-i

D-5

E-1

E-5

A-2

A-3

A-4

B-2

B-3

B-4

E-2

E-3

lJ+

D-2

D-3

D-4

c-2

a-?

.A

500 ml

600 m]

1050 ml

1590 ml

1290 m]

1150 ml

1300 m]

1640 m]

1250 ml

1050 m]

0 m]

1120 m]

1500 ml

1280 ml

1000 m'l

1580 ml

1050 ml

1200 ml

1160 m]

1580 m]

1570 ml

1780 ml

940 m]

1100 ml

850 m]1t/20

Amount of Liquid ponded
on Lysimeter
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susceptible to ca]cium content alteration by brine-dosage. Although

the calcium concentrations in these soils were increased down to about

the 12-inch depth, most of the ca'lcium was retained near the top of
the soil column, as shown on Figures L7 and lg. similar depths of
ca1cium penetration were noted in the C'leora fine sandy loarn, as shown

on F'igure 19. However, the ca'lcium concentrations in the top 2 to 3

i nches of the soi'l col umn brere consi derab'ly 'l ess than for the other

soi'ls. Essentfal]y no a'lteration in the calcium concentrations were

observed below the 16-inch depths in the summit silty clay, the

Pickwick silt loam and the Cleora sandy loam.

The Enders A]legheny Complex soi'l exhibited marked differences in

ca]cium content from the other four soils. As shown on Figure 20, the

calcium concentrations in the control lysimeters varied somewhat but

generally were about 500 milligrams per liter of soil. The brine-

dosed lysimeters indicated a nearly linear calcium variation with

depth to about the l0-inch depth, as did the Fayettevi'He series soil,
Bel ow the 12 -i nch depth , the ca] ci um concentrati ons i n the contro'l and

brine-doseo lysimeters were approxiirately the same.

i4aqn esi um penetrati Consi derabl e vari ati on I./as noted i n the0n.

effect of brfne-dosing on the magnesium concentrations of the f.ive

soils. As shown on Figure zL, the magnesium concentrations in the

Fayettevi'l1e series sofl exhfbited nearly a linear re]ationship with

depth to about the 14-inch depth. Additionally, the magnesium

-uncentrations in the brine-dosed soi'l columns exceeded those in the

control columns essential'ly to the 24-inch depth.

The magnesium concentrations in the summit si'lty c'lay exhibited a

rnarked difference fro;n those in the Fayetteville series soil. The
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t,dgnestum in the brine penetrated to the 20-inch depth with Iitile
variation past the top 6 inches, as shown on Figure ?2. However, as

with the Fayetteville series soi'1, the magnesium concentrations l,1ere

re1 ati vely 'l ow, wi th a maximum concentrati on of about 200 mi'l 1 i grams

per liter of soil.

The Pickwick silt 'loam soil limited the magnesium penetration on

the brine-dosed lysimeters to the top 12-14 inches. Additionally, the

increases in magnesium concentrations in the soil were sma'l'l past the

4-inch depth, as shown on Figure ?3. The variation in magnesium

concentration with depth curves for Pickwick si'lt loam and the C'leora

fine sandy loam (F'igure 24\ so'ils were more sfmilar to the calciurn

curves than to the other magnesium curves.

Magnesium penentration in the brine-dosed Enders A'l'legheny Comp'lex

soil 1ysjmeters occurred to the 20-inch depth with near'ly a I inear

magnesium concentration variation wfth depth from the surface to the

20-inch depth, as shown on Figure 25. The magnesium concentration

curve for the contro] lysimeters i ndicated that 1 eaching of the

magnesium occurred during the experiment.

Potassi uln penetration. The potassium concentration in the brine

was 2800 milligrams per liter. consequently, some a'lteration in the

scil potassium concentrations rvas predicted. changes in the soil

potassi um concentrati ons cii d ogcur wi th the speci fi c tendenc i es

marked'ly dependent upon soil type. Potassium concentrations in the

brine-dosed Fayettevi'l1e ser'!es soi'l lysfmeters (Figure 26) were

increased to about the 18-inch depth. The maximum concentration in

the soil was 183 mi'll igrams per i iter of soi'1.

The variation in potassium concentration with depth curve for the
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summi t si'l ty c'l ay ( F'i gure 27 ) soi'l exhi bi ted the sarne general

tendencies as did the calcium and magnesium curves for the same soil.

Although the potassium penetrated to about the 16-inch depth, the

potassium concentration a'lteration was small below the 6-inch depth.

The maximum soil potassium concentration was 144 mi'l'l'igrams per 1iter.

The potassi um curve for the Pi ckwi ck si I t 'ioam soi'l (Fi gure 28 )

uras very simi'lar to that for the summft silty c1ay. The potassium

penetrated to about the 12 -i nch depth vri th on'ly a sma1 
'l a'l terati on i n

the scfl potassium concentration past the 6-inch depth.

The curve for the bri ne-dosed C'l eora fi ne sandy 'loam lysimeters

(Figure 29) was s'imilar to both the Pickwick silt loam and the surnmit

silty clay with the exception that the potassium penetration was

'l imi ted to the top 10 i nches of sof I .' very 'l 'i tt] e change i n the

potassium concentration occurred past.ths 6-inch depth. The maximum

potassium concentration rvas 102 mil'ligrams per l iter of soi'1.

Pctassium penetration in the Enders Allegheny comp'lex soil (Figure

30) was 'liniteci to about the top 7 inches. Substantial moCification

of the potassi um concentrati ons i n the top 6 i nches d'i d occur.

Beneath the 7-inch depth, the potassium concentrations in the brine-

dosed and control 'lysimeters were near'ly the same.

So d i urn pe netra ti on . The sodium penetration in the Fayetteville

seri es soi'l occurred the ful 'l depth of the soi 1 col umn, as shown i n

Figure 31. The maximum sodium concentration was 39i0 milligrams per

'liter.

As shown on Figure 32, the sodium concentration versus depth curve

for the summit silty clay was sirnilar in shape to the other curves for

this sof'1. sodiurn penetration occurred to about the 15-inch depth
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with most of the sodium remaining above the 10-inch depth. Beneath

tlre 16-inch depth the sodium concentrations in the brine-dosed and

contro'l lysimeters were nearly the same.

The curve for the Pickwick si'lt'loam was also sim'ilar in shape to

the otirer curves f or thi s soi'l as shown on Fi gure 33. Sodi um

penentration occurred to the 18-inch depth with rnost of the sodium

remaining above tite L0-inch depth. The maximum soiI sodium

concentration was 2320 milligrams per 1iter.

Sodiuin penentration in the Cleora fine sandy loam soil occurred

throughout the depth of the column as shown on Figure 34. The sodium

concentration in the soil was near'ly unifonn in the bottom half of the

soi'l co1umn. The inaximurn sodium concentration was 1670 milligrams per

1iter, which was considerab'ly'iower than the sodium concentrations in

the other so'il s

As shown cn Figure 35, most of the sodium was retained in the top

12 inches of the Enders Allegheny Complex soil. A sl'ight increase in

the sociium concentration was observed from the 12-inch to the Zq-incn

depth.

Specific Conductance. Speciffc conciuctance provides an estiriate

of the salin'ity nazarC to the soil. This parameter is the inverse of

the specific resistance and, thusn is a measure of the ai:i1ity of the

soil -water complex to conduct electricity. Specific conductance

va]ues of ??50 microhos per centirneter and greater can be considered

to be in the very high sa'l'inity range.

As shor.rn on Figure 36. the salinit-v range was very high down to

about the 18-inch depth for the Fayettevi'l'le series soi'l . The maximum

spec'ific conductance value was 22,900 micromhos per centimeter.
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The specific conductance of the summit si1 ty c1 ay soi'l was

affected ctorvn to the 12 - to 1.4 -i nch depth, as shown on Fi gure 37. An

approx'imate'ly straight-f ine relationship existed between the specific

conductance and depth from the surface to the 10-inch depth fcr the

soil. The brine-dosed curve was similar in shape to the other curves

for thi s soi I .

The specific conductance versirs depth curve for the Pickwick silt
loam soil is shown on Figure 38, The specific conductance values of

the soil were altered by brine-dosing to about the 21-inch depth.

These va1ues were in the very high salinfty range froln the surface to

the 12-inch depth. Some leaching of the ch1orides may have occurred

in the control lysimeters, resulting in the curve shown on Figure 38.

Approximate'ly the top 9 inches of .the brine-dosed lysimeters

contai ni ng the c] eora f i ne sandy 'l oarn soi I were i n the very hi gh

sai i ni ty range, as shown on Fi gure 3 9. The speci fi c conductance

va1 ues were a1 tered throughout the bri ne-Cosed soi'l col umn, vri th thi s

a1teration being s'light from the i2 - to 24-inch depth.

The speci fi c conductance versus depth curve for the Enders

A1 1 egheny comp'lex soi I was very s'imi I ar to that for the c'l eora fi ne

sandy'loam soil, as shown on Figure 40. Roughiy the top L0 inches of

the bri ne-dosed soi I co'l urnn woul d be cl assi f i ed i n the very hi gh

sa] i ni ty range. The speci f i c conductance va] ues i n the bottom 10 -
inches of the soil coiumn were greater than those for the control

lysimeters but were only siightly higher.

Sodium Adsorption Ratio. The sodium adsorption ratio provides an

estimate of the all<a'linity hazard. Consequent'ly, the SAR values were

ca'lcu]ated for each of the 'lysimeter sets at the severa'l depths.
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These values are piotted on Figures 41 through 45.

The SAR values must be consjdered in conjunction with the specific

conductance values to determine the total hazard tc the soi'1. In the

very high salinity range, i.e., when the specific conductance exceeds

2?50 micromiros per centimeter, the a'l ka'l i ni ty hazard i s I ow when the

sodi um acisorpti on rati o i s 'l ess than 4, medi u:n when the sAR val ue i s

from 4 to 9, high from 9 to 14 and very h'igh above 14. Thus, in the

Fayettevijle series soi1, the a]kalinity hazard would be high for the

top 6 i nches of soil , as shown on Figure 4!, under the ponded

conditions of the experimental program. The sa'linfty hazard is also

very high under these conditions

As shown on F'igure 42, the a'lka'l i ni ty hazard woul d be hi gh f or

the top 2 inches of the summit si]ty clay sof1. The salinity hazard

is also very high under the ponded conditions for this soi'l. The hfgh

sai'inity hazard cond'itions extend down to the 10-inch depth for this

soil.

The Pi ckw'ick si I t 'l oam soi I di d not exhi bi t the very hi gh

a'l ka'l i ni ty hazard cond'iti ons as noted for the Fayettevi'l 'l e seri es and

surnmi t si'l ty cl ay soi 1 s. The SAR versus depth curve, shown on Fi gure

43, indicates a maximum SAP. va]ue of 10.2 'inches the top inch of the

with a genera'l1y linear decrease to the 14-inch depth,

The SAR versus depth curve for the C'leora fine sandy loan soi1,

Figure 44, indicates a very high alkalinity hazard in the top 5 to 6

i nches of the soi I under the experirnenta'l condi ti ons. The sa'l i ni ty

hazard was a'lso very high for this soi'l.

The a'lkalinity hazard was also very high in the top 4 inches of

the Enders Allegheny Complex soi1, as shown on Figure 45. Be1ow the

soi I
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8 -i nch depth, the al kal i ni ty hazard was 'l ow under the experimenta'l

condi ti ons.

The purpose of the study was to determine if the application of

the subject brine would have an adverse effect on roadbed soils. The

bri ne vlas app'l ied to tne surface of the soil rvithout di'lution to

simulate the worst case possib1e in the field. The results after 130

days with the brine ponded on the cyi'inders indicated that the brine

rarely exceeded a penetration depth of 18 inches. it wou'ld not be

expected in the field that a brine applied on a roadway would remain

in an undi'luted state or remain ponded for more than a few days at a

ti nre.

The specific conductance measurement proved to be an excellent

indicator of brine penetration. In generai the highest concentrations

of ions rvere at the soi'l surface. From the surface downward they

generally diminished at a decreasing rate until about the 14 to 1B

inch depth. At this depth t,he ion concentrations r.rere. usually

approx'imately equa'l to those i n the contro'l 'lysimeters. Soi'ls

subjected to less ccmpactive effort would be expected to exhibit a

greater penetrati on of the bri ne consti tuents. Soi'l samp'i es taken i n

June a.fter sa'l'E app'lication of 1.5 tons per acre of irlaCl in January,

February and i4arch shovred salt movenent to a depth of fifty inches in

studies conducted in Virginia on 'lesser cornpacted soi'ls.

The alka]inity in a sojl is determined by the abso'lute or relative

proportion of the cations in the sofl. This shou'ld not be confused

with a'lkalinity in water, which is a measure of the water's capacity

to neutra'lize acids and is commonly a measureilent of hydroxide,

carbonaEe and bicarbonate anions. if the sodium proportion in a soi'l



93

is high, then ile a1kalinity is high. If, however, ca'lcium or

magnesium predorrinates, the soil is not alkaline. The re1ative

proportions of the cat'ions are expresseC as the sodium adsorption

rati o.

According to the criteria set forth in the literature review

comel ati ng al kal i n'i ty nazarO wi th sodi um adsorpti on rati o, the soi 1

extract from the Fayetteville series soil exhibited very high salinity

and a'lka'linity hazards to the 15-inch depth at the end of the test

peri od. The summi t si'l ty c1 ay anri Pi ckwi ck si I t I oam soi'l showed

extracts with a very high salinity hazard to the lO-inch depth and a

very hi gh a'l kal i ni ty hazard to the 8 -i nch depth. The C'l eora f i ne

sandy'loam extract showed a very high salinity hazard to the 8-inch

depth, which appears inconsistent with the extract concentrations

determi ned above and be1 ow thi s depth. It i s probab'l e that thi s does

not ref I ect the +"rue sodi urn concentrati on i n the so'i1 , poSsi bly

because of 1 aboratory errcr. The Enders A'l 1 egheny Compl ex soil

extracts showed ver^y hi gh sa'l i ni ty and hi gh al kal i ni ty hazards to the

8 -i nch depth. The Fayettevi 1 1 e seri es soi I showed defi ni te si gns of

cc1 I oi dal di spersi ons of the cl ay f racti on on the soi'l surface. Thus ,

the sodi um i on concentrati on must have been i n suffi ci ently 'l arge

concentrations to harre replaced the higher valence cations such as

i ron , a] umi num, ca'l c'i um and magnesi urn. Thi s , however, di d not serve

to greatly impede the internai drainage of the soil. This situation

was not readily evioent in the other soi'ls tested.

A soi'l i s actual 1y consi dered a1 ka'l i ne i f i ts iodi um adsorpti on

ratio exceeds approximate'ly 14 and is considered sa'l ine if its

specific conductance exceeds 4 sri'llinihos per centimeter (5). Thus,
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the Fayetteville series soil is an alkali soil to the 6-fnch depth;

the sunrmit si'lty c'lay soi1, to only the 2-inch depth; the cleora fine

sandy I oam soil , to approximate'ly the 6 -inch depth; the Enders

A1 1 egheny compl ex sof I and the P'i ckwi ck si'l t I oam soi'l , whose sodi um

atlsorption ratio does not exceed 10.2, not at ali. The Fayettevi'lle

series soil became a saline soi'l to the 15-inch depth; the Enders

Allegheny complex soi1, to the 6-inch riepth; and the other three

soi I s, to the B -i nch depth.

0n1y plants with very high a'lkalinity and saiinity to]erances

coul d be expected to survive in an envi ronment of these soil s

described above. Exanrples of plants which may show promise as road-

sicie cover in these areas are listed in the iiterature review. These

grasses and forage legumes can 6e expected to show 'lfttle joss of

yield in soi'ls with extract conductivities of from 6 to 12 millimhos

pe!" cemt'imeter. In a'l'l cases i n thi s experiment, the control

specimens dernonstrated no a'lka]inity or sal inity characteristics.

Su rf ace lrlater Runof f Qu al i ty Va ri ati ons

0ne of the areas of concern involving de-icing of rcads is the

poss'ib1 e contami nat'ion of surface water resources by the de-i ci ng

materia1s. similarly, the use of dust pa'l'liatives could a'lso create

a'l terati ons i n the qua'l i ty of surface wate rcourses.

The extent to which eitlter a dust pa1'liative or de-icing material

can be expected to enter a surface watercourse i s dependent upon

severa] factcrs. 
"./ith 

cle-icing materials, for example, the factcrs

inc]ude rvhether the ground is frozen or unfrozen; the magnitude of

runoff, that is, the extent to which the brine is di'luted prior to
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enteri ng a surface water course i soi I moi sture content; soil

compaction; terrain; and others. Dust pa1'liative movement to surface

watercourses can be expected to be dependent upon di 1 uti on, soi'l

moisture content, soi'l compaction, terrain and other factors.

To provide a means rvhereby the potentia'l of surface watercourse

contamination by the brine could be eva'luated, surface water runoff

studies were conducted. These studies were intendeo to provide

general data for eval uati ng the potenti a1 for surface watercourse

contamination and were not intended to duplicate all possible field

condi ti ons.

The studi es lrere conducted us'ing ca1 ci um, magnesi um, sodi um,

potassi um and speci fi c conductance as the i ndi cator parameters.

Sampies were withdrawn from the 2-inch and 6-inch depths in the soi'l

colurnn. The results of the studies on the Enders A'llegheny Complex

soil are shown on Figures 46 through 55 and are genera'l1y typical of

all five soi'ls. Examinations of the parameter concentrations for the

2- and 6-inch depths indicate that rnuch of the calcium, rnagnesium,

sod'i um and potassi um i s retai ned i n the soi'l . Compari sons of the

parameter concentrations at these depths a1 so indicate the

concentrations decrease with depth, as wou'ld be expecteri. Thus, the

quantity of these parameters that rvou1d be transported to surface

watercourses i s a functi on of erosi on of the soi'l surface under

unsaturated soil conditions. During periods when the soil is frozen,

most of the brine constituents can be transported to surface

watercourses when suitab'le conditions are present. However, in neariy

a1 'l such ci rcumstances the parameter concenti"ati ons woul d be di I uted

by the me'l ti ng i ce.
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E f the Brin for De-i 'tn

Because of the w'idespread use of both calcium and sodium chloride

for de-icing, only a limited comparative study was conducted. The

study was not designed to dup'licate field conditions but was intended

to provi de comparati ve data concerni ng bri ne concentrati on versus

effecti veness.

As would be expected, the resu'lts of the stuoy ind'icate that the

rate of ice me1ting is a function of the brine concentration app'lied.

In al 'l cases, the more concentrated brines resu'l ted i n the hi ghest

rates of rnelting, as shown on Figure 56.

Figure 57 proviCes a graphical i'llustration of the percentage of

ice melteC by undiiuted brine with tirne. The percentage on the

ordi nate ref'l ects the i ce me] ted by the bri ne compared wi th that

rnelted by temperature alone.

Dust Pa] 1 i ati on Characteri sti cs of the Bri ne

An 'in si t{ sampl i ng program 'lras used to determi ne the

effectiveness of the brine as a oust pa1'l iative. This prograa

consisted of applicaticn of the brine to four test sections of roadrvay

fol'lowed by conduction of a static air monitoring prograrn. Dustfal'l

samp'les were co1 I ected at two-day i nterval s unti'l heavy rai nfal I

removed the brine from the road. Three of the test sections (1,2 and

3) received approxinrately the sarne dosage. Test section 4 was dosed at

a rate about 30 percent greater than the other three sections. Test

section 5 was used as the contro'l section.

The morritoring program was conducted for 32 days,.vield'ing i5 sets

of data. The resu j ts of the moni tori ng program are i nc1 uoed i n Tab'l es
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V through iX and are shown graphica'l1y on Figures 58 through 6?. The

dosage rates for the four test sections were 0.0213, 0.020E, 0.0235

and 0.034 gal 1 ons per square foot for sections 1, 2, 3, and 4,

respectively. Tab'le X shows the mean ciustfal I va'lues for the five

test sections.

The ve!"y low duitfall values on the 14th, 20th and 24th days

following brine app'lication were caused by rainfall preceding sanpie

co'llection. These values are shown on Figures 58 through 62 for the

f i ve test secti ons. Heavy rai nf a'l 
'l removed the bri ne f rom the road

surface near the end of the test period, which allowed dustfall values

to rise significantly.

The mean val ues of tite dustfa'l I data were cal cui ated and are shown

in Table X. Test sect'ion 4, wh'ich received the most brine, had the

'lowest dustfal'1. Test section 5, which was undosed, had the highest

dustfa'l I . The t-test was useC to determi ne i f stati st'icai 1y

significant differences existed between the mean va1ues at the 95

percent confidence 'leve'I. Such differences existed between sections 1

ano 5, sections 2 and 5, and sections 4 and 5, as shown in Tab'le XI.

i'{o stat'i st'ica1 1y si gni f icant di f ferences exi sted between secti ons 1

and 2 and sections 1 and 3 at the 95 percent confidence leve1. The

mean val ue for test secti on 3 was h'igh re'l ati ve to secti ons 1 and 2.

The val ue was 83.0 percent of the mean for secti on 5. llo

stati sti ca'l 'ly si gnfi cant di f ference at the 95 percent conf i dence 'l eve'l

existed between the means for sections 3 and 5.

An F-test analysis was a'lso conducted which indicated that no

statistica'l1y sign'ificant differences existed among sections 1,2 and

3. Statistica'l'ly significant differences at the 95 percent confidence
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TABLE V

Data for Samples Collected from Test Road - Test Section 1.

Sampl e
Number

Nlean
grarns / day / square meter

1 .196

0.629

2.660

t.6?4

r.7 94

1.005

0.196

1.531

0.237

1 .088

0.737

t.7 37

3.748

3.758

3.635

Standard Deviation

0.660

0.546

0.851

0.629

0.449

0.?L7

0.t24

0,7 i7

0.?37

0.402

0.314

0.845

1.521.

L.072

0.916

1

2

3

4

5

6

7

8

9

10

i1

L2

1?

14

15
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TABLE VI

Data for Samples Co1lected from Test Road - Test Section Z.

Samp'le
I'lumber

Ilean
grams / day / square meter

f. i34

0.608

2.243

2,165

f.i14

0.759

0.263

0.964

0.23?

0.7 99

a.?73

i.433

3.542

3.969

3.562

i
?

3

4

5

6

7

I
9

10

1i

t2

13

14

15

0.4 90

0. 325

1..170

a.73?

0.644

0.175

0.3 51

0.052

0.093

0.150

0.2 58

0.314

1.021

2.062

0.932

Standard Deviation
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TASLE VI I

Data for Samples Collecteci from Test Road - Test Section 3.

Samol e
Number

Ilea
grams / day 1

n
square meter Standard Deviation

0.397

0. 510

0.830

0.773

0.2 11

0.763

0.603

0.5 16

0.227

0.557

0.464

0.459

1.284

1.7 48

0.615

1

?

3

4

q

6

7

8

9

10

i1

L2

13

14

15

L.2?7

1 .036

2.985

2.134

1.598

i.753

0.6 91

1.407

c.227

1. 139

0.809

?.7 63

5.591

4.67 6

3.465
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TABLE VIII

Data for Samp'les Collected from Test Road - Test Section 4.

Samp
llumb

'le
er

Mean

"qrams / day / square meter

1.263

0.959

2.634

1.980

L.?48

1 .500

0.629

1.557

0.186

0. 164

0.655

2.t65

?.459

2.L29

2.067

Standard Deviation

0.438

0.397

0.830

0.449

0.454

0.562

0.356

0.7 68

0.082

0.258

0.170

0.675

0.696

1 .000

0.554

1

2

3

4

5

6

7

8

9

10

11

t?

i3

14

15
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TABLE iX

Data for Samples Collected from Test Road - Test Sectfon 5.

Sampl e
I'lumber

14ean
grams / day / square meter

?.3L5

L.732

? qa1

?.361

2"263

2.526

0.294

3.289

0.7s8

?.?06

0.804

3.026

3.691

2.928

6.073

Standard Deviation

0.4 38

0.397

0.830

0.449

0.866

0.562

0.356

0.768

0.082

0.258

0.170

a.67 5

0.696

1 .000

2.43?

I

2

3

t+

5

6

7

8

9

10

11

L2

13

14

15
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TABLE X

I'lean Val ues f or Test Secti ons Us i ng A1 I Data.

Test Section

Mean

grams / day I square meter

1.705

i.537

2.108

1.440

2.54A

1

2

J

i!t

5
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1evel were observed among sections 1, ?, 3 and 4, and among L, 2, 3, 4

and 5. These data are shorvn in Table XII.

The mean va'lues for test sections 1, 2, and 4 are 67.1, 60.5 and

56.7 percent respectively, of the mean for section 5 when all data are

included. l{hen the first 1.2 sets of data are included, thus elimina-

ting the effect of brine removal by rainfa11, the mean values for

sections 1, 2 and 4 are 56.8, 47.2 and 58.8 percent, respective'ly, of

the rnean for the control section.

The test road is general'ly leve'l except the portion of the road in

test section 3. The slope in section 3 may have rvashed more reaCily

during rainfa11 periods, thus reducing the effectiveness of the brine.

The daily precipitation for the month of September,1975, which

encompassed the test period, fon the two reporting stations c'losest to

the test site is shovrn in Tab'le XIII. Rains occurred nearly daiiy

between the 10th and 20th of September and correspond vri th the I owest

dustfal I recorded.

So i'l Stab'il i zi nq Char a teristics of Brine

This study was conducted tc determine if the brine woujd ha,re a

benefi ci a'l effect on pi asti ci ty, cornpressi ve strength, permeabi 1 i ty,

anC frost heave. Soils A and B vrere selected as the irost likely to be

modified through adsorption of magnesiurn, calcium and sodium cations

on the surface of the clay partic'les.

The resu'lts of the Atterberg limits tests (see Tabje XIV) show

that the plasticity of Soi'l A !,as s'lightly reduced while the

p'lasticity cf Soil B was reduceci to a significant degree. Because of

the cati ons present i n the bri ne, mcst c1 ay soi'l s shou'l d shor.r a
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Table XIiI. September, l975, Daily
For Fayetteville FAA and F

Experiment Station

Preci pi tati on R.ecord
ayettevi 1 1 e

(51) .

Da te

9-5

9-6

9-9

9 -10

9 -11

9 -t2

9 -14

9 -15

9 -16

9 -17

9 -18

9 -19

9 -2t

9 -?8

9 -29

9 -30

Fayettevi l'l e FAA-AP*

0.29

0.48

1.34

0. i8

T

2.60

T

0.05

1.96

T

0.03

Fayettevi 1 1 e
Experi ment

Station *

T

0. i7

0.25

1.30

T

1.61

0.09

0.04

4.?3

T

I

0.14

* P.ajnfall data given in inches.
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Tab'le XIV. Results of Atterberg Limits Tests.

So i'l A

Soil B

% Brine

LL

PL

PI

% Brine

LL

PL

PI

0%

67

36

31

25%

56

31

25

50%

51

30

2t

75%

50

?7

23

75%

JI

29

3

100%

50

27

23

100%

31

24

7

0%

49

26

23

25%

42

26

16

50%

40

28

t2
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beneficia'l reduct'ion in plasticity ivhen mixed with the brine. The

degree of reduction in plast'icity will depend upon the type of clay

minera'ls present and the adsorbed cations.

The compressive strength of Soil A was not affected by the brine,

but Soi'l B exhibited a s'light decrease in strength when mixed with

brine. These tests indicate tnat the pozzolanic reaction that occurs

when 'l ime (cal ci unr hydroxide or portl and cement) i s mf xed wi th soi'l

does not occur when tlre brine is mixed with soil. No beneficial

increase in strength vras observed, and the addition of brine to soine

soi'ls may cause a slight decrease in strength. Table XV shows the

seven-day compressive strengths.

The permeabi'lity of So'ils A and B is very 1ow, and high values of

hydraulic gradient were required to obtain measurab'le flow (see Table

XVI for test resu'lts) . Soil A, which in previous tests was rel ative'ly

unaffected oy the brine, exhibited a greater resistance to f'low of

brine than to i'low of water. Since brine has the greater viscosity,

this rvas expected, Soil B, however, showed a greater permeability to

brine than to water. The reduction in permeability'is probably ciue to

the agglomeration which occurs due to the presence of calcium and

magnesi urn i ons. Thi s aggl omerati on rvi'l 'l resul t i n the formati on of

i arger voi ds s'i nce the eff ecti ve parti c1 e si ze vri I 'l be i ncreased.

This phenornenon of agg'lomeration also contributes to the reduction of

p'lasticity.

The results of the frost heave tests (Figure 63) indicate that

brine incorporated into the subgrade or pavement layers (other than

asphalt) wi'll improve the perfonnance of the pavement with respect to

frost lieave. Brine concentrations of ?5 percent and 50 percent had
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Tabl e XV

7 -Day Compressi ve Strengths.

Dry Dens'ity
( pcf)

Idater Content Cohesi on
(psi )Specimen

Soil A

A-1
A-?
A-3
A-4
A-5
A-6
A-7
A-8
A-9
A -10
A -11
A-L?
^ 

1tfl.IJ

^ 
1A

A -15

Soi'l B

B-1
6-Z
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B -10
B -11
B-T2
B -13
B -14
B -15

Bri ne
Concentrati on

0"/,

07"
0%

?5%
25%

25%
50%
50%
507"
75%
1trot
I Jb

75%
100%
100%
100%

001

0
0

25"1

/-5
25
50%
50
50
75%
75
75

100%
100
100

83.0
83.6
84.2
87.4
86. 1

85.5
90.5
87.4
88.6
89.2
89.9
88.6
9?.4
01 1

91.1

103.0
101.7
102.3
101.7
100.5
101.1
102. 3
101.1
101.1
101.7
101.7
102.3
102.3
103.6
103.0

29.0"1 28.
28.
28.
?6.

?3.9
26.2
?3.1
28.6
2t.5
16.5
30. i
22.L
29.2

28.
28.

1

0
1

4
2
0
9
9
7
3
9
8
3
?

67.

7

9
225.

25.
25.
24.
24.
25.
23,
23.
23.
24.
24.
23.

26.t
25.3
2s.6
25.0
26.t
24.t
23.9
23.4
24.1
23.6
22.6

?4
25
27

7
9
0
9
2
0

L7.8%
L7.3
t7.9
i6.3
L6.2
16. 6

25.
24.
3?.

48.2
37. 5

37.4
36.
29.

17.811
17.8
t7.4
16.3
16. 1
1( O

16,3
t6.2
16.1
i5.8
15.5
15.0
i5.0
L4.2
14.0

31.

8
A-
5
6
8
6
3
0
3
4
0
U

16.4
16.4
16.4
i4.8
15.1
i4.8
15.3
1.5,0
14.9

28.
27.
25.
31.
30.
28.
??.
?5.
,o

As Molil-fter Curing
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Table XVI

PERI,IEABiLITY.

Soi 1

Type Permeant

l,later

!.later

l"jater

100% Bri ne

100% Brine

100% Brine

l,later

I,iater

|'Jater

1007, Bri ne

100% Brine

100% Bri ne

Dry
Densi t-v

(pcf)
l4o'isture
Content

Hydrau'l i c
Gradi ent

18

42

60

18

42

60

18

42

60

1E

42

60

Coefficient of
Permeabil ity

( ftlmi n )

5.4 x 10-5

6.4 x 10 -5

3.5 x 10-5

3.7 x 10-6

5.3 x 10-6

1.3 x 10-6

8.1 x 10-7

6.2 x tC-7

7.8 x 10-7

1.8 x 10-6

1.4 x 10-6

1.2 x 10-6

A

A

A

A

A

a

B

B

a

B

B

7 5.9

7 5.9

7 5.9

77.3

77.3

77.3

27.7"1

27.7%

?-7.7%

23.A%

23.0%

23.0%

L6.3%

16.3%

i6,3%

17.9%

17.9',1

t7.9%

87. 6

87.6

87.6

91.5

UI A

91.5
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essentially the same effect on frost heave, reduc'ing the heave to

about 7 0 percent of that experi enced wi th p'l a'i n water. There were

increases in frost heave for brine concentrations of 75 percent and

100 percent, indicating that there is probab'ly an optimum brine

concentrat'ion or salt ccntent for reducfng frost heave.





130

Section VI

B IBL IOGRAPHY

1

2

Environmenta'l Impact of H'ighway Deicing, Report t'lo. 11040GKK,
tffinrffinmenEITEotecti on Ag-mcy-, TdI son, New Jersey, ( 1971 ) .

"l,lanua'ls for Deic'ing Chemicals," U.S.
FHA, Hashington, D.C., t977.

Dept. of Transportation

Thornton, S. I., and We1ch,
Areas Suitable for Highway
R eEffit,--HT gffi-ay -IE s ffih-P r
Department ( 1973).

? R. C.,
Construc

l,{aste i n Muni ci pa'l
l'lEffienan ce, Fi na1

SAs State Hi ghwayoject 3

4 Buckman, Harry P., and Brady, Nyl€ C., The Nature and
of Soils, 6th ed., The l,lacMi'llan Co., New York, 1960.

Properti es

5. Hutchinson, F. E., and 0lson, B. E., "the Relationship of Road
Salt Appl ications to Sod'ium and Chloride Ion Leve'ls in the Soi'ls
Bordering l4ajor Highways," Highway Research Record Report llo.
193, L967, pp. 1-7.

6. United States Salinity Laboratory Staff (1954), "Diagnosis and
Improvement of Sa1ine and Alka'li Soiis," U.S. Dept. of Agri.,
Handbook 60, pp.160.

7 . Brandt, G. H. , "Potenti al Impact of Soi dum Chl ori.de and Cal ci um

Chloricie De-lcing Mixtures on Roadside Soils and Plants," Highway
Research Record Report No. 425, i973, pp. 5?42.

8. Effects of Deicino Salts on Plant Biota and So'i'l , NCHRP Report---:L9/U, 19/b.

9. E. J. Rubin's Discussion of Brandt, G. H., "Potentia'l lmpact of
Soium Chloride and Ca1cium Ch'loride De-icing l4ixture on Roadside
Soi'ls and P1ants," Highway Research Record Report No. 4?5, L73,
pp. 64.

10. Qayyum, M. A. , and Kemper, hl. D. , "Sal t{oncent.ration Gradients
f n Soil s and Their Effects on ivlo'isture l,lovement and Evaporation,"
Soil Science, Vo'I. 93, pp. 333-342, May 1962.

11. Zelazny, L. I,J., and Blaser, R. E., "Effects of Deicing Salts on
Roadside Soils and Vegetation," Highway Research Record Report
ltro. 335, 1970, pp. 9-12.

12. Hutchinson, F. E., "Dispersal of Soil-Bound Sodium from Highway
Sa'lting," Public liorks, Vo1. 103, llo. 2, Feb', 197?'

i3. Prior, G. A., and Berthovex, P.14., "A Study of Salt Po1lution of
Soi'l by Highway Salting," Highway Research Record P.eport 193,
1967, pp. 8-12.



131

i4. Bernstei n,
To1 erance, "
2516.

Leon, and Hayward, H. E., "Physio'logy
Annua'l Review of P'lant Physiology, Vo'l . 9,

of Sal t
1958, pp.

15. Berstei n, Leon, "0smotic Adjustment
Steady State," American Journal of
909-918.

of Pl ants to Sa'l i ne l,ledi a I
Botany, Vo1. 48, 1961, pp.

16. l.lesti ng, A. H. ,
Phytopathol cgy,

"P'lants and Soi'ls in the Roadside Environment,"
Vo1. 59, No. 9, 1969, pp. 1173-L179.

. R.,
P'lant

L7. Boyer, T. C., Cariton, A.8., Johnson, C.14., and Stout, p

"Ch'lorine A l,licronutrient Element for Higher plants,"
Physiology, Vo1. 29, pp. 526-532, i954.

i8. Brownel'l , P. F., "Sodium as an Essential
Hi gher P'l ant (Atri p'lex Vesi cari a ) , " p'l ant
pp. 460 468, 1965.

Micronurrient for a
Physiol ogy, Vo'l . 40,

19. Thomas, L. K., Jr., "|lotes on 'yiinter Road
Chl ori de ) and Yegetat'i on , " Sc i enti fi c Report
Capital Region, lJationai Park Service, U.S.
Interior, 1965, pp. 22.

20. Ho'lmes, F. !1. , "Sal t injury
pp.712-718, 1961.

to Trees, " Phytopatho'l gy, Vo1 . 51,

21. Holmes, F. I^i. , and Baker, J. H. , "Sal t In jury
Sodi um and Ch'lor i de i n Roadsi de Sugar l4apl es i n
Phytopatholoqy, Vo1. 56, pp. 633-636, 1966.

to Trees -- iI:
Massachusetts, "

Sa1 ting (Sodium
lio. 3, Ilati ona'l

Dept. of the

23

?2. Lacasse, N. L., and Rich, A.. E., "Mapie Dec'line in New
Hampshire," Phytopatho'logy, Vol. 54, pp. 1071-1075, 1964.

Roberts, E. C., and Zyburg, E. L., "Effect of Sodium Chloride on
Grasses for Roadside Use," Highway P.esearch Record Report No.
193, 1967, pp. 3542.

"Salt Damage to Vegetation in
the 1966-1967 irl'inter," Reprint
, 5 , pp. 5, itlay, 1968.

25. Adams, F. s., Highway salt: "Socia'l and Environmenta'l concerns,"
Highway Research Record Report i'i0.425, 1973, pp. 3-13.

24. l.lester, N, V. , and Cohen, E. t. ,
the l.lash'ington, D. C., Area During
from P'lant Di sease ReDorter, Yol. 52

?6. l,icKee, J. E., and l,lo1f, H.
Ed., State Water Quality Co
l.963, pp. 548.

,_ Ed. Water Qua'l i ty Cri teri a 2nd
ol Board, Sacramento, CaTiTornfa,

l,t

ntr

27. schrauf nage'l , F. H., "Po'll ution Aspect, Associated with chemica]
De-icing," Highway Research Record Report 193, !967, pp. ?Z-?3.

28. Clemens, H. P., and Finnell, i. C., "Bio'logicai Conditioning in a
Brine Polluteo Stream in 0klahoma," Transactions of the American



132

Fisheries Soc'iety, Vo1, 85, pp. L8-27, 1955.

29. "The Effect on the lvladison Lakes of Chemical s Useci for Ice
Contro'l on the Streets and Hi ghways , " Ri vers and Lakes
Conrmission, I'ladison, Wisconsin, !962, pp. 33.

30. Hutchi nson, F. E . , "E ffect of Hi ghway Sa1 ti ng on the
Concentration of Sodium and Chloride in Rivers," Research in the
Life Sciences, pp. !2-!4, Winter, 1968.

31. Kunk'le, S. H., "Effects of Road Salt on a Vermont Stream," Proc.
Street Sal ting -- Urban l,later Qual ity l.lorkshop, State Univ. of
New York, Col'lege of Forestry at Syracuse, 1971, pp. 48-51.

32. I'la'lker, '!.J. H., "Roadsalt Use in the Environment," Highway
Research Record Report No. 425, pp. 67 -76, L973.

33. Diment, l,J. H., Bubeck, R. C., and Deck, B. L., "Some Effects of
De -i ci ng Sal ts on Irondequoi t Bay and i ts Drai nage Basi n, "
Highway Research Board Report No. 425, pp. 23-35, 1973.

34. Feick, G., Horne, R. A., and Yeapl€, D., "Re'lease of Mercury from
Contaminated Fresh Water Sediment by the Runoff of Road De'icing
Sai t," Sc'ience, Vo1 . 175, No. 4026, March 10, L972.

Handling, EPA-67A/22tr

36.

37. "Side Effects of Salting for lce Control," American City, Vo1.80
(8), pp. 33, 1965.

38. Po11ock, S. J., and To'ler, L. G., "Effects of Highvray Deicing
Sa'l ts on Grcundwater Suppi i es i n ivlassachusetts, " Hi ghway Research
Record Report No. 425, pp. 17-??, 1973.

39. Hutchinson, F. E., "Effect of Highway Sa'ltfng on the
Concentrati on of Sodi um and Cl hori de i n Private 'vrlater Suppl i es , "
Research in the Life Sciences, Fa'I1,1969.

40. Sa'lts on tJater Quality and Biota, NCHRP Report

and Deve1opment, Cincinnati, L974, p. 87.

Deutsch, l{., Ground-l,Jater Contamination and Legal
Michigan, Geological Survey lJater Supply Paper 1

Government Printing Office, l{ashington: 1953.

Effects of Deicinq[. igzc. -

Manua'l for Dei ci ng Chemi ca] s: Storage and
7-4I0Ia Ta-ti n aT-En-W rffi n'taTTe s ea rc h Ce n te r,

Econom'ica'l and E f f ective OSj_q]_U. Agents f or Use
N-CHRP-mport T9, TeEt-

4L.

4?.

Foreward to Highway Research Record Report No. 425, p.

Office of Research

Control s i n
6-9l-Ts;

v.1973.

on Hi ghway
Struc tu res

43. Verbeck, George J., and K1ieger, Paul , "studies of 'Salt' Scaling
of Concrete," Highway Research Board Bu'l'letin 150, L957, pp. 1-



133

)

44.

45.

46.

47. Lambe, }lil
Son, Inc.,

49. Beacher, R.
Laboratories,
1 956.

L., "Methods for Rapid So
Universi ty of Arkansas,

il Testing," Sofl Test
Fayettevf 'l 1e, Art<ansas,

Sonometer," Soil Test,

Effects of stress on Freeze-Thaw Durabilitv of concrete Bridoe
!ffit'tcI'Rp Tepori 16t,-Tfrf- 

-Timms, Aibert G., "Resistance of concrete Surfaces to sca]ing
Action of Ice-Remova'l Agents," Highway P.esearch Board Bu]letin
L?8,1956, pp.20-50.

Fa f1 Resistance of Concrete to DeicingI't
1

,

1So TestinE for Engineers, John l,liley and

48 Soil Survey,
Department of Ag ri cul ture, So

Coun+"y,
il Conse rvation Service, March 1969.

Hashi noton Arkansas , Un i ted States

ti
N.

am T.,
Y. , 1951

50. "Operating Instructions for the CT-366
Inc., Evanston, I'llinois, March L97?.

51. "Cl imato'logical Data: Arkansas Volume B0 Number 9," Nationa'i
0ceanic and Atmospheric Administration, Environnenta'l Data
Service, Asheville, N.C., September 1975.






